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We measure the temperature of a deeply degenerate Fermi gas, by using a weakly interacting
sample of heavier bosonic atoms as a probe. This thermometry method relies on the thermalization
between the two species and on the determination of the condensate fraction of the bosons. In our
experimental implementation, a small sample of 41K atoms serves as the thermometer for a 6Li Fermi
sea. We investigate the evaporative cooling of a 6Li spin mixture in a single-beam optical dipole
trap and observe how the condensate fraction of the thermometry atoms depends on the final trap
depth. From the condensate fraction, the temperature can be readily extracted. We show that the
lowest temperature of 5.9(5)% of the Fermi temperature is obtained, when the decreasing trap depth
closely approaches the Fermi energy. To understand the systematic effects that may influence the
results, we carefully investigate the role of the number of bosons and the thermalization dynamics
between the two species. Our thermometry approach provides a conceptually simple, accurate, and
general way to measure the temperature of deeply degenerate Fermi gases. Since the method is
independent of the specific interaction conditions within the Fermi gas, it applies to both weakly
and strongly interacting Fermi gases.
PACS numbers: 34.50.Cx, 67.85.Lm, 67.85.Pq, 67.85.Hj
I. INTRODUCTION
Since the first demonstration of Fermi degeneracy in
an ultracold gas [1], experimental progress has provided
unprecedented access to a great wealth of exciting phe-
nomena, as highlighted by the prominent example of a
crossover superfluid [2]. The great interest in fermionic
quantum gases results from the fact that fermions consti-
tute the elementary building blocks of matter and provide
the possibility to investigate various phenomena of strong
interactions. The experimental availability of degenerate
Fermi gases has led to new insights into intriguing few-
and many-body behavior, the many facets of which are
studied in a great variety of current experiments.
The lowest achievable temperature is crucial for the
experimental observation of many phenomena. While
fermionic superfluidity [3] is now routinely achieved in
many experiments worldwide, other phenomena like anti-
ferromagnetic ordering [4] require much lower tempera-
tures, which are still very hard to obtain experimentally.
In the range of very low temperatures, well below one
tenth of the Fermi temperature TF , thermometry be-
comes increasingly difficult. In deeply degenerate Fermi
systems, one faces the general problem that only a small
fraction of atoms near the Fermi surface carry the tem-
perature information, which reduces the detection sen-
sitivity for common imaging methods. For strongly in-
teracting systems, the interpretation of density profiles
is not straightforward and requires detailed knowledge of
the equation of state [5–7] to extract temperature infor-
mation from thermodynamic observables. For the spe-
cific case of a unitary Fermi gas with resonant interac-
tions, where thermodynamics follows universal behavior
[8], thermometry is now well established, but not for the
general situation of Fermi gases in strongly interacting
regimes.
The conceptually most simple way of thermometry is
to use a probe in thermal equilibrium with the object un-
der investigation and to rely on a phenomenon with an
easily detectable and well-understood temperature de-
pendence. This is the working principle of thermometers
in our daily life, where the underlying phenomenon is
thermal expansion or temperature-dependent resistivity.
We apply the same basic idea to a deeply degenerate
Fermi sea, using a small sample of weakly interacting
bosonic atoms as a probe, and we rely on the sensitive
detection of the condensate fraction.
Our Fermi gas is a spin mixture of deeply degenerate
6Li atoms with resonantly tuned interactions, as it is used
in many current experiments worldwide. For such a sys-
tem, temperatures around 10% of the Fermi temperature
TF or even below have been reported by various groups
(see [9–13] for a few recent examples). Our thermometer
is a small sample of bosonic 41K atoms immersed in the
Fermi sea. In addition to the condensate formation serv-
ing as the main observable, our system takes advantage
of the large mass ratio and the much smaller number
of bosons as compared to the fermions. Related ther-
mometry approaches that rely on coupling to a weakly
interacting probe component, have been implemented
in other Bose-Fermi systems [12, 14–16], in population-
imbalanced spin mixtures [17], and in a Fermi-Fermi
mixture [18], but without combining all these three ad-
vantages. For our system, the critical temperature for
Bose-Einstein condensation (BEC) corresponds to about
0.1TF , which makes the condensate fraction a sensitive
and accurate probe right in the temperature range of
main interest for deep cooling.
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FIG. 1. (Color online) Basic idea of the thermometry. A
small sample of bosonic atoms (B) is immersed in a large,
deeply degenerate sea of fermions (F) under thermal equi-
librium conditions. The harmonic trapping potentials (solid
lines) are different for both species, depending on the particu-
lar trapping configurations used. The temperature is derived
from the condensate fraction.
In this paper, we present a thorough experimental in-
vestigation of Fermi gas thermometry using a bosonic
species. In Sec. II, we discuss the basic principle of ther-
mometry for a Fermi-Bose system in general and for the
particular case of our mixture of 6Li and 41K. We then, in
Sec. III, describe the experimental procedures of prepa-
ration, cooling, trapping, and detection. In Sec. IV, we
present the main experimental results on deep cooling of
the 6Li spin mixture, as probed by the 41K BEC.
II. BOSONS AS A FERMI GAS
THERMOMETER
Here, we first discuss the basic idea of our thermometry
approach in general terms, before we turn our attention
to the specific case of 41K bosons in a 6Li Fermi sea.
A. Basic idea
The basic idea of our thermometry approach is illus-
trated in Fig. 1. We assume that both harmonically
trapped species are in sufficient thermal contact with
each other to establish a thermal equilibrium with a com-
mon temperature T . The main observable is the conden-
sate fraction β of the bosonic cloud, from which T can
be derived.
To obtain the temperature T of the two-component
system in relation to the Fermi temperature TF , we start
with the identity T/TF = (T/Tc)× (Tc/TF ), where Tc is
the critical temperature for BEC. The first factor, T/Tc,
can readily be obtained from the condensate fraction of
the bosonic component through the well-known relation
T
Tc
= (1− β)1/3 . (1)
For calculating Tc/TF we use the textbook formulas
kBTc = 0.940 ~ωBN
1/3
B , (2)
kBTF = 1.817 ~ωF N
1/3
F , (3)
where NB and NF represent the number of trapped
bosons and fermions, and ωB and ωF are the respec-
tive geometrically averaged trap frequencies. Note that
Eqs. (1)and (2) are strictly valid only for non-interacting
systems in the thermodynamic limit. In practice, the
finite sample size and interaction effects may lead to cor-
rections [19].
By combining Eqs. (1)-(3) we arrive at the central
equation that underlies our thermometry approach,
T
TF
= 0.518 (1− β)1/3
ωB
ωF
(
NB
NF
)1/3
. (4)
In an experiment, the ratio of the trap frequencies,
ωB/ωF , will be determined by the specific properties of
the two different components and the particular trap con-
figuration used for the experimental realization.
Equation (4) highlights the conditions for optimized
thermometry in the deeply degenerate regime. A small
ratio of the trap frequencies, ωB/ωF , is highly desir-
able. This favors heavy bosons in combination with light
fermions. The number ratio NB/NF enters with its third
root, which shows that a very large number imbalance
(NB ≪ NF ) is required to take real advantage of this
factor. In this case, the bosons can be considered as im-
purities in the large Fermi sea.
B. Case of the 6Li-41K mixture
We now turn our attention to the specific situation of
bosonic 41K atoms in a Fermi sea of 6Li atoms. The mix-
ture [20, 21] exhibits favorable properties for our purpose.
The interspecies interaction is moderate, with a back-
ground scattering length of about +60a0 [22], where a0 is
Bohr’s radius. This is large enough to provide a sufficient
cross section for thermalization on a realistic experimen-
tal time scale, but weak enough to avoid effects of strong
interactions, such as a mutual repulsion or attraction or
fast three-body decay.
We consider a hybrid trapping scheme, as realized in
our experiment, where the atoms are confined radially by
an infrared laser beam and axially by a curved magnetic
field (see Sec. III B), under conditions ensuring that the
trap frequency ratio for the two species is not changed
by the gravitational sag (see Appendix VI). For such a
trap, in a harmonic approximation, the frequency ratio
in Eq. (4) can be expressed as
ωB
ωF
=
(
mK
mLi
)−1/2(
αK
αLi
)1/3(
µK
µLi
)1/6
, (5)
For our experimental situation (Sec. III B), the mass ratio
is mK/mLi = 6.810, the ratio of optical polarizabilities is
3αK/αLi = 2.209 [23, 24], and the ratio of magnetic mo-
ments is µK/µLi = 0.999. With these accurately known
numbers, Eqs. (4) and (5) yield
T
TF
= 0.258 (1− β)1/3
(
NB
NF
)1/3
, (6)
which we will use for extracting T/TF from our experi-
mental data, as described in the following sections.
The dynamical range of our thermometry approach as
applied to the 41K-6Li mixture can now be illustrated
by a numerical example, based on typical experimental
conditions. We assume NB/NF = 1/30 and possible
measurements of the condensate fraction in the range
0 ≤ β . 0.95. According to Eq. (6), this corresponds to
a temperature range of 0.03 . T/TF . 0.08, right in the
interesting regime for state-of-the art experiments in the
deeply degenerate Fermi gases.
III. EXPERIMENTAL PROCEDURES
In this section, we present our general experimental
procedures applied to a Fermi-Bose mixture of 6Li and
41K. In Sec. III A, we give an overview of the main prepa-
ration steps. In Sec. III B, we present in detail the op-
tical dipole trap used in the final stage of deep evapora-
tive cooling. In Sec. III C, we discuss the main detection
schemes.
A. Preparation of the 6Li-41K mixture
The mixture is prepared in an all-optical cooling and
hybrid trapping approach, very similar to the one de-
scribed in detail in Ref. [25] and applied in various pre-
vious experiments on the mixture of 6Li and 40K atoms
(see, e.g., Refs. [18, 26–29]). A spin mixture of 6Li atoms
in the lowest two sublevels of the electronic ground state
is evaporatively cooled close to a Feshbach resonance [30–
32] and serves as the agent to sympathetically cool a K
minority component. For the whole cooling process, we
found that it makes no difference whether the fermionic
40K or the bosonic 41K isotope is present, if we avoid
any interspecies scattering resonances and rely on the
background interaction with the 6Li cooling agent, being
about the same for both K isotopes.
The preparation process involves a spin relaxation
stage, which we employ to prepare a single K spin state.
Here, the parameters differ from our previous work on
40K [25]. For 41K, the initial laser cooling stage provides
an unpolarized sample in the three magnetic sublevels
(mF = −1, 0, 1) of the lowest hyperfine level (F = 1). We
found [33] that spin-exchange collisions with 6Li atoms
in the second-lowest sublevel can efficiently produce a
polarized 41K sample in the mF = −1 state, which is
the third-lowest Zeeman sublevel. The spin relaxation is
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FIG. 2. (Color online) Trapping scheme in the final stage
of evaporative cooling. (a) A single infrared laser beam for
radial trapping (y, z directions) is used in combination with
a magnetic field (coil setup schematically shown). The mag-
netic field serves multiple purposes, providing the bias field for
Feshbach tuning, a curvature for axial trapping (x direction),
and a vertical levitation gradient. (b) The vertical potentials
U itot(z) resulting from Eq. (8) for both Li (blue) and K (ma-
genta) are shown for a typical laser power of P = 75mW. For
illustrative purposes, we have introduced species-dependent
offsets to shift the potential minima to zero. (c) The trap
depths U itrap depend on the laser power P , with the K trap
being always deeper than the Li trap.
performed near a magnetic field of 200G, where the pro-
cess appears to be resonantly enhanced. This stage has a
duration of about 500ms and is implemented right after
loading the optical dipole trap, when the temperature is
still rather high (few 100µK). To remove a residual popu-
lation of K in the mF = 0 state (typically 15%), we apply
a resonant laser pulse right before the final evaporation
stage to push those atoms out of the trap. It is inter-
esting to note that, without applying the spin cleaning,
the evaporation process leads to a spinor condensate [34]
with clear signatures of immiscibility [35]. The s-wave
background interaction between the bosons is relatively
weak (intraspecies scattering length of +60a0 [36, 37]),
which makes the condensate very stable against three-
body decay.
B. Trap for deep evaporative cooling
The whole evaporation process takes place in several
stages [25] within a total time of 12 s. Here, we focus on
the final stage, where the power of a single laser beam
is ramped down exponentially within 5 s, from an initial
value of 440mW to a final value in the range between
110 and 45mW. Then, a hold time of 10 s is introduced
to ensure full thermalization, before the two species are
finally detected; see Sec. III C. As in our previous work
[18, 26–29], the magnetic bias field of 1180G is applied for
4standard Feshbach tuning of the interaction between the
two 6Li spin components. This leads to a large negative
s-wave scattering length of a = −2900 a0 [38], and thus
facilitates highly efficient evaporative cooling with very
low inelastic losses. We note that, because of the absence
of any significant losses, the number of K atoms stays
essentially the same during the whole evaporative cooling
process.
We hold the spin mixture of 6Li together with the sin-
gle spin state of 41K in a hybrid trap [32] as illustrated in
Fig. 2(a). Here, the radial confinement (y, z directions)
is provided by a single 1064-nm laser beam and the ax-
ial confinement (x direction) results from the curvature
of the applied magnetic field. In the vertical direction,
gravity also comes into play and decreases the trap depth,
which influences both species differently. We apply an ad-
ditional magnetic levitation field to compensate for the
latter effect. The levitation potential is given by
Ulev(z) = −µBB
′z , (7)
where µB is Bohr’s magneton and B
′ represents the verti-
cal gradient of the magnetic field. Note that for our high
bias magnetic field of 1180G the levitation potential is
essentially the same for both species, since the magnetic
moments of both species are within 0.1% close to µB.
We use a gradient of 2.5(2)G/cm, for which we obtain
µBB
′/mKg = 0.34(3), i.e. we realize a partial levitation
of the K atoms by compensating one-third of the effect of
gravity (gravitational acceleration g). For Li, we obtain
µBB
′/mLig = 2.36(20), which means a strong overlevi-
tation. These conditions are close to a ‘magic’ levitation
condition, where the combined tilt effect of gravity and
levitation on the trap depth is the same for both species;
see Appendix VI for a detailed description.
For both species (i =Li, K), the total potential along
the vertical direction in the trap center can be written as
U itot(z) = −U
i
opt exp(−2z
2/w2)
+(mig − µBB
′)z −
1
2
µBB
′′z2 , (8)
where U iopt is the optical potential depth and w is the
waist of the single optical beam. The combined effect
of gravity and magnetic levitation is represented by the
term linear in z. The quadratic term describes a weak
magnetic antitrapping effect, resulting from the negative
curvature of the magnetic field. In the saddle-potential
of our configuration [Fig. 2(a)], the curvature along the z
axis is two times larger and of opposite sign as compared
to the curvature along the x axis, the latter determining
the axial magnetic confinement. Therefore, the curvature
B′′ is related to the axial trapping frequency ωix by the
formula µBB
′′ = 2mi(ω
i
x)
2.
The vertical trap potentials are shown in Fig. 2(b) for
both Li and K atoms under typical conditions of our ex-
periment (P = 75mW). This clearly illustrates the differ-
ent optical potentials and the effect of the opposite tilt on
both Li and K. The tilt and the curvature substantially
reduces the total trap depths U itrap to values below the
respective depths of the optical potentials (U itrap < U
i
opt).
Figure 2(c) illustrates the dependence of the trap
depths U itrap on the laser power in the range relevant
for our final evaporative cooling stage. It is important to
note that UKtrap > U
Li
trap is always fulfilled. The effect of
the magnetic levitation ensures that evaporative cooling
removes Li atoms, but leaves all K atoms in the trap.
This is essential for our interpretation of the cooling pro-
cess, where Li acts as the cooling agent and K is cooled
sympathetically via collisions with Li and not directly.
We characterize the trap by measuring the frequencies
of radial and axial sloshing oscillations of both the con-
fined species. For the radial trap frequencies of Li and
K, we find
ωLir = 2pi × 37.6(5)Hz×
√
P/mW , (9a)
ωKr = 2pi × 21.0(6)Hz×
√
P/mW , (9b)
where P is the power of the trapping beam. The mea-
sured frequency ratio ωLir /ω
K
r = 1.79(6) is consistent with
the more accurate value of 1.756 as calculated from the
dynamic polarizabilities [23, 24] and the mass ratio. For
the single-beam optical dipole trap, assuming a Gaus-
sian laser beam profile, we then obtain [39] the waist
w = 44.3µm and the optical potential depths
ULiopt/(kB × nK) = 19.8(3)P/mW , (10a)
UKopt/(kB × nK) = 43.7(6)P/mW . (10b)
For the axial frequencies, characterizing the magnetic
confinement, we obtain
ωLix = 2.61ω
K
x = 2pi × 25.6(1)Hz . (11)
We note that, for the trap frequencies, the optical contri-
bution to the axial trapping and magnetic effects on the
radial confinement remain negligibly small. Furthermore,
the levitation field that counteracts gravity leaves the os-
cillation frequencies at the bottom of the trap essentially
the same [40], in spite of its substantial effect on the trap
depths. This ensures that the frequencies according to
Eqs. (9a) and (9b) remain a very good approximation
for all our experimental conditions.
C. Detection
For detection of the two species we apply standard
time-of-flight absorption imaging, realized with probe
beams propagating along the z axis. From images of
the 6Li cloud, we selectively determine the number NF
of fermionic atoms in each of the two lowest spin states
with relative uncertainties of about 15% [41]. For 41K, we
detect the number NB of bosonic atoms in the third-to-
lowest spin state with an estimated relative uncertainty
of 15%. From the images of the bosons, we also extract
the condensate fraction β, which is the quantity of main
interest for our thermometry approach.
5Time-of-flight absorption imaging of the expanding
41K component can, in principle, be implemented by
turning off the trapping laser beam and letting the cloud
expand in the same magnetic field configuration as it is
used for evaporative cooling. However, in such a simple
scheme, the magnetic field curvature causes a focusing ef-
fect [42] in the x, y plane (oscillation frequency ∼10Hz),
which occurs right in the time interval of main interest
for the imaging. For analyzing the ballistic expansion
of the thermal cloud, it is rather straightforward to take
the focusing effect into account [43], so that the temper-
ature can be readily extracted. For the condensed part,
however, the focusing effect leads to an increase of the
density and the optical depth of the cloud, which makes
a determination of the condensate fraction problematic.
We employ a modified scheme for time-of-flight absorp-
tion imaging, where we adiabatically transform our hy-
brid trap into a purely optical one, before the cloud is
released into free space. To prevent any effect of inter-
species interaction in the transfer stage, we remove the
Li atoms before the transfer into the crossed-beam trap
by smoothly applying a short stage with a magnetic gra-
dient of about 8G/cm, which levitates the K cloud and
spills all Li atoms out of trap. Then we slowly ramp up
a second trapping beam, which has a fixed final power of
P ′ = 70mW, and a waist of ∼ 50µm and crosses the first
beam under an angle of 16◦ [41]. The magnetic field is
simultaneously changed to a homogenous configuration
without curvature, but with the same bias field. The po-
tential of the resulting crossed-beam dipole trap is sim-
ilar to the hybrid trap of the evaporation stage and the
transfer is realized over a rather long time of 4 s, which
ensures adiabaticity of the process. The transfer into the
detection trap, being somewhat tighter than the cooling
trap, implies a moderate adiabatic compression. This
increases the temperature by a factor of roughly 1.5, as
easily obtained from the ratio of the trap frequencies [44].
This factor is taken into account when we determine the
temperature of the thermal component from the temper-
ature of the expanding cloud. To image the expanding
cloud after time of flight, we apply a levitation field that
counteracts gravity and facilitates long observation times
up to 45ms.
We have performed several tests on the performance of
our detection scheme. We have carefully checked that the
adiabatic transfer stage does not lead to any detectable
loss of K atoms and that its influence on the condensate
fraction remains negligibly small.
IV. COOLING AND THERMOMETRY
RESULTS
In this section, we present our experimental results.
We focus on the final stage of the deep evaporative cool-
ing process, where the lowest temperatures are achieved.
In Sec. IVA, we consider the fermionic 6Li component
only and identify the conditions where cooling crosses
over into spilling of the Fermi sea. In Sec. IVB, we
turn our attention to the bosonic 41K component and
present measurements of the condensate fraction and the
temperature, which allows us to determine T/TF for the
Fermi gas. In Sec. IVC, we investigate the interspecies
thermalization process, justifying the assumption of in-
terspecies thermalization. In Sec. IVD, we finally discuss
the performance of our thermometry scheme in terms of
measurement uncertainties and systematical effects.
A. Crossover from evaporation to spilling
In the final stage of evaporative cooling, when the laser
power is reduced to very low values, a crossover between
two regimes takes place [32]. Above a certain threshold,
the continuous reduction of the trap power removes ther-
mal atoms with some excess energy above the Fermi en-
ergy level, which efficiently cools down the sample. Then
a threshold is reached where the Fermi energy level in the
shallow trap reaches the trap depth. Below that thresh-
old, the atoms are spilled out of the trap. We identify
this crossover by measuring the number of 6Li atoms re-
maining in the trap as a function of the final trap power
at the end of the evaporation ramp.
Figure 3 shows our observations for a final trap power
P between 45 and 110mW. The crossover between the
two different regimes can be clearly seen in the behavior
of both the atom numbers (a) and the resulting Fermi
energies (b). The results reveal a change between 70
and 80mW, which marks the crossover into the spilling
regime. This interpretation is further confirmed by the
behavior of the trap depth, as calculated from Eq. (8).
Below a power of about 70mW, the corresponding solid
line in (b) gets very close to the data points and shows es-
sentially the same slope [45]. It is also interesting to note
that the spilling effect removes a small initial imbalance
in the population of both spin states.
As we will see in Sec. IVB, the deepest cooling takes
place in the discussed crossover regime. We therefore
summarize the relevant experimental parameters at P =
75mW, where we have NF = 2.0 × 10
5 atoms per spin
state in a trap with an average frequency ωF = 2pi ×
140Hz. This results in a Fermi energy of EF = kB ×
710nK, corresponding to a peak number density of nF =
1.3× 1012 cm−3 per spin state and a Fermi wavenumber
of kF = 1/(4500 a0).
The interaction in the spin mixture [2] is character-
ized by the parameter 1/(kFa) ≈ −1.6, which shows that
our gas is not in the strongly interacting regime as de-
fined by |1/(kFa)| < 1, but also not far away from it.
The attraction in the gas can be estimated [46] to have
∼10% effect on the chemical potential and the number
density as compared to the interaction-free values. We
point out that this does not play any role for our ther-
mometry approach, because we probe the temperature
with another species. This is in contrast to temperature
measurements that are based on the size and shape of
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FIG. 3. (Color online) Crossover from the cooling to the
spilling regime in deep evaporative cooling of 6Li. In (a),
we show the measured dependence of the atom number in
both spin states as a function of the laser power P , which
decreases during the evaporation ramp. Here the labels Li 1
and Li 2 refer to the lowest and second-to-lowest spin state
of Li, respectively. The systematic calibration uncertainty in
the number determination (±15%) is indicated by the shaded
error band. In (b), we plot the corresponding behavior of the
Fermi energy EF and compare it with the decreasing trap
depth ULitrap (solid line). The shaded region indicates a sys-
tematic uncertainty in the trap depth resulting from the de-
termination of the levitation gradient, which we consider as
the dominant error source for EF .
the trapped cloud. The latter require knowledge of the
temperature-dependent equation of state [7] for the par-
ticular interaction conditions.
B. Condensate fraction and equilibrium
temperatures
Here, we first present our measurements of the con-
densate fraction, from which we derive the relative tem-
perature T/TF . Then we compare these results with di-
rect temperature measurements of the thermal fraction
of the bosons, and we finally investigate how the number
of bosonic atoms affects our results.
Figure 4(a) shows the BEC fraction β, measured as a
function of the final power P of the evaporation ramp.
Each data point is the mean derived from images taken at
seven different times of flight (12 to 24ms), with the cor-
responding standard error of the mean. The total num-
ber of bosonic 41K atoms is NB ≈ 1.3×10
4, independent
of P . We locate the condensation threshold somewhere
near 125mW and, with decreasing power, we observe a
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FIG. 4. Fermi gas thermometry based on partially condensed
bosons. (a) The measured condensate fraction β is shown as
a function of the final power P of the evaporation ramp. Here
the small error bars (most of them smaller than the symbol
size) reflect the uncertainties of bimodal fits to time-of-flight
images. In (b), we show the corresponding results for the rel-
ative temperature T/TF . Here the error bars reflect the total
statistical uncertainties from fitting the condensate fraction
and the atom numbers, but not the calibration uncertainties
in the atom numbers. The latter result in an additional sys-
tematic scaling uncertainty of ±7%.
steady increase of the condensate fraction until a maxi-
mum of β ≈ 0.8 is reached near 75mW. The conditions
of the Fermi sea of 6Li atoms are exactly the ones already
described in the preceding section.
Using Eq. (6) and applying small finite-size and in-
teraction corrections to the critical temperature [19], we
derive the relative temperature T/TF for the degenerate
Fermi gas [47]. The results are shown in Fig. 4(b). We
observe lowest values of T/TF ≈ 0.07 for P between 70
and 85mW. This power range corresponds to what we
have identified before as the crossover regime between
evaporative cooling and spilling. In the spilling regime,
we see an increase in the relative temperature, due to a
fast spilling of the Li atoms. We conclude that the deep-
est degeneracy of the Fermi gas is achieved when the
evaporation is stopped just before the onset of spilling.
Figure 5 displays the absolute temperature T derived
according to Eqs. (1) and (2) from the BEC fraction data
already presented in Fig. 4(a). We compare these re-
sults with the temperature of the thermal component,
which we extract from the same time-of-flight images by
fitting the expansion dynamics. The comparison shows
that both methods provide consistent results, but it also
reveals much smaller statistical uncertainties (see error
bars) for the first method. This observation highlights
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FIG. 5. Comparison of two methods to obtain the temper-
ature from time-of-flight images. The filled symbols repre-
sent the temperatures determined from the condensate frac-
tion [see data in Fig. 4(a)] together with the total number of
bosons and the separately measured trap frequency. The open
symbols represent the temperatures that result from the ex-
pansion of the thermal component of the bosonic cloud. For
the closed symbols, most of the errors derived are smaller
than the symbol size. These errors represent the statistical
uncertainties as derived from measurements at seven different
expansion times. For the open symbols, the error bars are the
uncertainties from fits to the expansion dynamics.
an important advantage for accurate thermometry of our
method that is based on the determination of the con-
densate fraction.
In an additional set of experiments, we have addressed
the question of whether the presence of the 41K bosons
has an influence on the cooling of the Fermi gas. We
therefore reduced the number of K atoms from about
15,000 (similar to Fig. 4) down to about 7500. Here,
for the sake of shorter data acquisition time, we applied
a simpler, but somewhat less accurate detection scheme
than before [48]. In Fig. 6, we show the results for four
different values of the K atom number. The BEC fraction
in (a) decreases for a reduced number of bosons, but this
can be fully attributed to the reduced critical tempera-
ture. The relative temperature in (b) shows a significant
decrease for the lowest number of bosons.
Our results show that a reduction of the number of K
atoms slightly improves the cooling performance of the
Li Fermi gas. We interpret this observation as a conse-
quence of the weak additional heat load associated with
the bosons, which has to be removed by the evapora-
tive cooling process. However, we do not observe any
significant effect on the temperature of the Fermi sea if
the number of K atoms stays below 12,000, which corre-
sponds to about 3.0% of the total number of 6Li atoms.
The lowest temperature that we have observed in these
measurements corresponds to T/TF ≈ 0.06.
C. Thermalization and heating dynamics
A central assumption underlying our paper is thermal
equilibrium between the boson ”thermometer”and the
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FIG. 6. Influence of the number of bosons on (a) the con-
densate fraction β and (b) the resulting relative temperature
T/TF . Four different data sets are shown, with different num-
bers of bosonic K atoms: black squares, NB = 1.5(1) × 10
4;
red circles, 1.2(1)×104; blue triangles, 0.9(1)×104; green dia-
monds, 0.76(6)× 104. The error bars represent the statistical
uncertainties as derived from the fit errors of the condensate
fraction.
Fermi sea. In order to test the validity of this assump-
tion we have investigated the thermalization dynamics
and residual heating effects that may affect our results.
In all experiments discussed before, a hold time of 10 s
was introduced between the end of the evaporation ramp
and the temperature measurement. We now present mea-
surements on the temperature evolution during this hold
time at a constant trap power of P = 75mW, again
based on the detection of the condensate fraction. Fig-
ure 7(a) shows how the temperature drops from about
78 nK right after the evaporation ramp to its equilibrium
value of 53nK. An exponential fit yields a thermalization
time scale of 2.5(5) s, which is short compared with the
total hold time of 10 s. This ensures that the K cloud
reaches its equilibrium temperature with negligible devi-
ations well below 1 nK.
The thermalization time can be estimated from our
experimental parameters, using the approximation
1
τ
= 2 ·
3T
2TF
·
ξ
3
· nFσvF , (12)
which is a product of four factors. The prefactor of 2
accounts for the two different spin states in the Fermi
sea. The factor 3T/(2TF ) ≈ 0.1 results from the Pauli
blocking of collisions [49]. The third factor 3/ξ estimates
the number of elastic collisions needed for thermalization,
with ξ = 4mKmLi/(mK + mLi)
2 ≈ 0.45 for the specific
mass ratio of our mixture [50]. The last factor represents
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FIG. 7. Thermalization and heating dynamics with and
without the Fermi sea. (a) The data points show the mea-
sured temperature evolution of the bosonic 41K cloud [NB =
1.6(2) × 104] after evaporative cooling of the 6Li Fermi sea.
The solid curve is an exponential fit, yielding a relaxation-
time constant of 2.5(5) s. (b) The data points display the
measured temperature increase of the 41K cloud after full re-
moval of the 6Li coolant. The linear fit (solid line) yields a
heating rate of 0.49(4) nK/s. The error bars represent the
temperature uncertainties as derived from the fit errors of the
condensate fraction.
the elastic collision rate in the limit of relative velocities
dominated by the light atoms at the top of the Fermi sea,
with the corresponding Fermi velocity vF =
√
2EF /m ≈
44mm/s. The cross section for elastic collisions between
6Li and 41K atoms is σ ≈ 1.3×10−16m2 [22]. This results
in a relaxation time of τ ≈ 4.5 s, which is larger than the
observed value, but still within the errors of the simple
estimation used.
We have also checked the influence of a possible effect
of residual heating of the K cloud, which may be induced
by trap light fluctuations. This heat would have to be re-
moved by thermal contact with the coolant, i.e. the Fermi
sea of 6Li atoms, and the corresponding heat flow would
require a temperature difference between the two com-
ponents. We have experimentally investigated the heat-
ing of the K cloud after removing the Li atoms from the
trap, by application of a magnetic gradient, and observed
the temperature evolution over 30 s. Figure 7(b) reveals
a very weak temperature increase, with a slope corre-
sponding to a heating rate of γheat ≈ 0.5 nK/s. Here,
for simplicity, we assume a linear heating model. With
the relaxation time τ ≈ 2.5 s discussed before, we ob-
tain a temperature difference of γheatτ ≈ 1.2 nK, which
is negligibly small. In additional experiments, we have
investigated heating in our detection trap, see Sec. III C,
and found an effect of less than 2 nK/s within the 4 s
when the atoms are kept in this trap.
D. Uncertainities
Our thermometry approach is based on Eq. (6) to de-
termine the relative temperature T/TF . The underlying
model relies on the harmonic approximation of the trap
potential, and we estimate that anharmonicity effects on
TF do not exceed a few percent.
The model also assumes the bosonic probe to be a
weakly interacting gas, which is well fulfilled. We have
checked that we are not near any intraspecies or in-
terspecies Feshbach resonances. Furthermore, the in-
traspecies background scattering length of 41K is about
+60a0 [36, 37] and the background scattering length
between 6Li and 41K is also about +60a0 [22]. This
means that for the reference power (P = 75mW) and
NB ≈ 1.2 × 10
4, the chemical potential of the bosons
corresponds to ∼ 16 nK. The peak number density of the
fermions is about 26 times smaller than the one of the
bosons. The mean field of the fermions as seen by the
bosons is very small, only ∼ 2.3 nK. The correction to the
boson trap frequencies caused by the fermion mean field,
is on the order of 10−3 , which is negligibly small. The
mean field of the bosons on the fermions corresponds to
∼ 64 nK, which is much smaller than the Fermi energy
of about 710 nK.
In addition to these model assumptions, the experi-
mental determination of the temperature is subject to
four main error sources. First of all, there are the statis-
tical measurement uncertainities. These come from the
analysis of the time-of-flight images and give uncertain-
ties of a few percent in both the atom number and the
determination of the condensate fraction.
A second source that influences the measured values
of T/TF are calibration errors. For the atom number
determination, we estimate calibration uncertainities of
15% for both species. This results in a systematic scaling
uncertainty in T/TF of ±7%. Another systematic error
source is the trap frequency ratio, which slightly changes
if the trap does not exactly fulfill the magic levitation
condition. However, the effect on T/TF for the range of
powers used in our experiments is negligibly small.
Thirdly, the thermalization between the two species
may be imperfect, owing to heating in combination with
weak thermal coupling. We estimate that the corre-
sponding temperature difference stays below 2nK, which
results in an effect below 3% on the relative temperature.
Furthermore, as a fourth error source, we observed a
slight heating effect during the transfer into the detection
trap, which may also affect the temperature by a few
percent at most. We are confident that other heating
sources are very weak and can be safely neglected. All
these residual heating effects may somewhat increase the
temperature of the bosonic probe atoms, and may thus
lead to an overestimation of the temperature, but not by
more than 10%.
Taking all statistical and systematic uncertainties into
account, we can report a lowest observed temperature of
T/TF = 0.059(5) [51]. The true temperature of the Fermi
9gas may even be slightly below this value (about 5%) be-
cause of residual heating directly affecting the thermom-
etry atoms.
V. CONCLUSION
We have thoroughly investigated a conceptually simple
and accurate method for determining the temperature of
a deeply degenerate Fermi gas. Our method essentially
relies on detecting the condensate fraction of a second,
weakly interacting bosonic species that is thermalized
with the Fermi sea. High accuracy of the temperature
measurements can be achieved, since the relevant trap
frequency ratio can be very well determined and uncer-
tainties in the atom number only weakly influence the
results.
We have employed the method in experiments on a spin
mixture of 6Li, where we have used a small sample of 41K
bosons as the probe. The large mass ratio and a large
number ratio have enabled us to measure the tempera-
ture in the range of 0.03 to 0.1 TF , which is right in the
regime of state-of-the art cooling experiments. We have
investigated the final stage of deep evaporative cooling
and we have observed that the deepest degeneracy of the
Fermi gas, with T/TF = 0.059(5), is achieved when the
evaporation is stopped just before the onset of spilling.
We found the temperature not to be affected by the pres-
ence of the probe atoms if the number of K atoms stays
below 3.0% of the number of Li atoms. The K atoms
then represent impurities in a Fermi sea.
Our thermometry method provides us with a powerful
tool to further optimize the cooling. For optimization,
we can improve the starting conditions for evaporation
by implementing a sub-Doppler cooling stage [11, 52] and
we can optimize the evaporation sequence by variation of
the magnetic field, the trap configuration and the details
of the ramp. With sensitive and accurate thermometry,
it will be very interesting to investigate the practical and
fundamental limitations of the cooling process. Under
our present conditions, we may be limited by residual
trap light fluctuations [53] or other sources of noise in
the experiment or by inelastic losses in combination with
the hole heating effect [54].
For the interaction parameter of 1/(kFa) ≈ −1.6, as
chosen in our experiments, the predicted critical tem-
perature for superfluidity is ∼ 0.03TF [55, 56]. Thus,
even for our lowest temperatures, the Li spin mixture
is not superfluid. However, the system is stable enough
at resonant interaction conditions [18], so that the real-
ization of a mass-imbalanced Bose-Fermi double super-
fluid, as already demonstrated in Ref. [21], would be
straightforward. Thermometry on the bosons could be
performed in a wide range of the BEC-BCS crossover, as
long as the thermalization time stays much shorter than
the timescale of inelastic losses [57]. While the BEC side
may be problematic [18], the method would work well in
the unitary case and on the BCS side.
The implementation of the presented thermometry
method should be straightforward for other Bose-Fermi
mixtures. Extreme mass ratios [58–61] are of particular
interest for pushing the accessible regime further down to
temperatures on the order of 0.01TF . However, at such
ultralow temperatures, the larger number of collisions re-
quired for thermalization and the increasing Pauli block-
ing effect will increase the thermalization time, which will
make it more difficult to reach thermal equilibrium on a
realistic experimental time scale. This may be compen-
sated for by larger interspecies collision cross sections or
higher number densities. Our paper shows how the con-
ditions can be optimized for specific mixtures, including
the role of optical polarizabilities, magnetic moments,
magnetic levitiation for trapping, and the effect of in-
terspecies collisions.
In our future work, we are particularly interested in
the deep cooling of the Fermi sea. This reduces thermal
decoherence effects as observed in studies of impurities
coupled to the Fermi sea [41] and opens up the possibil-
ity of observing new phenomena [29], such as multiple
particle-hole excitations and the onset of the orthogonal-
ity catastrophe [62]. Moreover, we are interested in the
collective zero-temperature dynamics of bosonic impuri-
ties in the Fermi sea close to an interspecies Feshbach
resonance [63].
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VI. APPENDIX: ‘MAGIC’ LEVITATION TRAP
We refer to a ‘magic’ levitation trap as an optical dipole
trap for two different species, in which the correspond-
ing potential depths and trap frequencies maintain a con-
stant ratio at any optical power applied. In optical dipole
trapping experiments, one often has to deal with the ef-
fect of gravity. Two species in the same trap are in gen-
eral affected differently, in particular in the case of largely
different masses or different optical polarizabilities. The
tilted potentials usually give a different reduction of the
effective trap depth as compared to the depth of the op-
tical potentials. During evaporative cooling this often
leads to a much faster reduction of the potential depth
for the heavier species than for the lighter one, which
may pose a severe limitation to the whole cooling pro-
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FIG. 8. (Color online) Illustration of magic levitation for 6Li
and 41K. All potentials are normalized to the optical potential
depth of K, and zero potential refers to the trapping poten-
tial minima. The combined magnetic and gravitational forces
cause a trap depth reduction, as indicated by the horizontal
dotted lines. For two distinct values of the magnetic gradi-
ent, see Eq. (14), the ratio of the resulting trap depths for
K and Li remains constant and corresponds to the ratio of
optical polarizabilities (αK/αLi ≈ 2.2). (a) With the mag-
netic gradient set to B′−, K is partially levitated, while Li is
overlevitated. The relative tilt has the same magnitude, but
opposite sign. (b) With the gradient set to B′+, the magnetic
force effectively increases the effect of gravity for both species,
resulting in a tilt in the same direction.
cess. Magnetic levitation [64–66] offers a solution to this
problem and allows one to realize conditions, where the
combined effect of gravity and levitation results in the
same effect on the total shape of the potential.
The magic gradient can be derived from the condition
that the combined magnetic and gravitational force is the
same for both traps, if considered relative to the optical
potential, the depth of which in turn is proportional to
the optical polarizabilities. The condition reads
µ1B
′
± −m1g
α1
= ±
µ2B
′
± −m2g
α2
, (13)
wheremi, µi, and αi represent the different masses, mag-
netic moments, and optical polarizabilities of the two
species, respectively. The lower sign refers to the situ-
ation illustrated in Fig. 8(a), where the trapping poten-
tials are tilted in the opposite direction. The upper sign
corresponds to the situation, where both potentials are
tilted in the same direction. Solving Eq. (13) yields the
two corresponding magnetic gradients
B′± =
α2m1 ∓ α1m2
α2µ1 ∓ α1µ2
g . (14)
The solution B′− means partial levitation for one species
and overlevitation for the other one, so that the tilts have
opposite signs. The other solution (B′+) corresponds to
the same direction of the tilt for both species. The appli-
cation of B′− causes a separation of the trap centers, sim-
ilar to the gravitational sag effect. In contrast, B′+ does
not cause such a spatial shift, but it may imply much
stronger tilts. The optimum solution for an experiment
depends on the specific situation.
For our situation of optically trapped 6Li and 41K at
high magnetic bias fields (µ1 = µ2 ≈ µB), we obtain
a magic levitation gradient of B′− = 2.97G/cm, corre-
sponding to a partial levitation of 41.3% for K and an
overlevitation of 281% for Li. The small spatial separa-
tion of the trap centers is irrelevant for our application.
For the experimental power range we use, the separation
between the trapcenters of the two species lies between 12
and 28 % of the optical beam waist.Note that the other
solution (B′+ = −4.02G/cm) does not correspond to lev-
itation, but to an effective increase of the gravitational
effect for both species. As described in Sec. III B, we
realize a situation close to the magic levitation gradient
B′−.
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